Manipulating biomolecules at solid/liquid interfaces is important for the development of various biodevices including microarrays. Smart materials that enable both spatial and temporal control of biomolecules by combining switchability with patterned surface chemistry offer unprecedented levels of control of biomolecule manipulation. Such a system has been developed for the microscale spatial control over both DNA and cell growth on highly doped p-type silicon. Surface modification, involving plasma polymerisation of allylamine and poly(ethlylene glycol) grafting with subsequent laser ablation, led to the production of a patterned surface with dual biomolecule adsorption and desorption properties. On patterned surfaces, preferential electro-stimulated adsorption of DNA to the allylamine plasma polymer surface and subsequent desorption by the application of a negative bias was observed. The ability of this surface to control both DNA and cell attachment in four dimensions has been demonstrated, exemplifying its capacity to be used for complex biological studies such as gene function analysis. This system has been successfully applied to living microarray applications and is an exciting platform for any system incorporating biomolecules.
INTRODUCTION
The recent development of advanced biodevices such as cell microarrays, biosensors and advanced drug delivery systems [1] [2] [3] [4] has enabled the exploration of a number of new facets of biological systems and the utilisation of these systems for biomedical applications. These devices often rely on patterned and switchable properties in order to effectively manipulate the biomolecules involved with their function both spatially and temporally. Patterned materials are able to control the behaviour of biomolecules in space and can be achieved by a number of techniques including photolithography, laser ablation, soft lithography, microfluidics, microelectronics and robotic arrayers [5] [6] [7] [8] [9] [10] [11] . Switchable systems are designed to respond to an external signal that instigates a change in the material between disparate properties in order to control the behaviour of molecules in time. Examples of switchable systems include changes in surface wettability, charge and permeability [12] [13] [14] . Biodevices that are able to combine switchable and patterned properties to control biomolecules in both space and time enable advanced biomolecular manipulation and have enormous potential for the development of highly useful, effective and sophisticated biodevice systems.
One recently developed application of particular significance is cell arrays, which enable the high-throughput study of the phenotype and behaviour of cells under many varied conditions 1 . Of all cell arrays, transfected cell microarrays (TCMs) are of greatest interest, particularly in light of the completion of the human genome project where determination of the function of DNA sequences is the next step in understanding the relationship between a DNA sequence and its expression, as they enable the analysis of gene function within living cells where all the machinery is present for correct DNA expression and post-translational modifications 15 . Fig. 1 . Schematic of the formation of a TCM. Boron doped p++ silicon was used as a base substrate and modified sequentially by plasma polymerisation and PEG grafting. Laser ablation was used to form ALAPP wells within the PEG surface. A robotic arrayer was then used to spot DNA into these wells. Amine functionality within the plasma polymer enabled the electrostatic attraction of DNA to these wells. Cells seeded onto this surface grew exclusively within the wells, on top of the DNA spots. Application of a negative voltage triggered the release of DNA from the surface, making it available for uptake by nearby, adhered cells. Transfected cells are depicted as green. Schematic not drawn to scale.
Typically, TCMs are formed by arraying cDNAs onto a glass slide at addressable locations and then seeding the surface with a cell line of interest. Cells that attach and grow over this DNA array take up and express the DNA creating regions of localised transfection within a lawn of non-transfected cells 16 . Using such an approach a number of studies have been conducted including the screening of siRNAs and shRNAs for effective silencing of target genes by RNAi, the assignment of the position of subcellular localised proteins, screening for agonists and antagonists of G-protein coupled receptors and screening for gene products that are involved with kinase signalling pathways, stimulation of apoptosis or cell-cell adhesion [16] [17] [18] [19] . Despite the successful application of TCMs a number of inherent limitations remain unsolved. A successful mechanism for the prevention of cross-contamination of cells and DNA between adjacent colonies or DNA spots has not been achieved, which limits the effective density of these arrays. TCMs also suffer from low transfection efficiencies limiting their use to cell lines that are easy to transfect. Furthermore, as potentially thousands of cell colonies can be produced all with a slightly different phenotype, processing of these cell arrays is time consuming, particularly when differences are subcellular and subtle, making it difficult to differentiate between transfected cells and the lawn of non-transfected cells 15 .
A platform for cell arrays has recently been developed by the creation of a two-dimensional chemical pattern, formed by the sequential deposition of an allylamine plasma polymer (ALAPP), poly(ethylene glycol) (PEG) grafting and laser ablation [20] [21] [22] [23] [24] . Using this platform spatial control over the adsorption of cells 21 and DNA 20 has been demonstrated. The use of plasma polymerisation enables the modification of almost all substrate materials with an adherent polymer layer that has a specific chemical functionality depending on the choice of monomer. This is also a solvent free process, which prevents the presence of potentially toxic residual solvent molecules, increasing the biocompatibility of this material. Allylamine was chosen in the present case because of its amine functionality, which assists with cell attachment 25 , DNA adsorption 20 and enables the covalent immobilisation of PEG, which remains unrivalled in its ability to prevent bio-fouling 5 . Laser ablation is finally used to remove regions of the PEG and re-expose the underlying ALAPP layer to create biologically active wells within a non-fouling surface. Laser ablation is useful for the controlled ablation of materials and the creation of varied two-dimensional shapes and patterns with a theoretical resolution of 0.8 µm.
We have investigated using this platform for TCM applications. The approach is depicted in Fig. 1 . Once the chemically pattered surface was formed, DNA was spotted onto the ALAPP regions, where protonated amine groups assisted in the adsorption of DNA, preventing desorption of the DNA into solution. Cells were then seeded onto this surface, and only attached on the ALAPP regions, above the DNA. After cell attachment a voltage was applied to reverse the surface charge and drive the DNA from the surface, making it available for uptake by cells. Finally, the cells were analysed for evidence of successful transfection.
The unique combination of patterned and switchable components of this device allows unprecedented control over the behaviour of cells and DNA in four dimensions. This approach is useful for overcoming the current limitations of TCMs and is promising for broader applications in advanced biodevices.
METHODOLOGY
All chemicals were purchased from Aldrich and used as received except where otherwise specified.
Substrate preparation
Boron doped p ++ silicon wafers (Virginia Semiconductors, Inc.) were cut into approximately 10x10 mm pieces. All substrate materials were cleaned by sonication for 30 min in a 5% (detergent concentration) surfactant (RBS 35, Pierce USA) wash. Samples were subsequently oxidised by irradiation with UV for 10 min.
Plasma polymerisation
Plasma polymerisation reactions were performed in a custom-built reactor described elsewhere 26 . In short, the plasma reactor consisted of two circular electrodes separated by 12.5 cm in a cylindrical reactor being 35 cm high with a diameter of 17 cm. Allylamine (98% purity) was used as a monomer. Polymerisation conditions used were a frequency of 200 kHz, a power of 20 W and an initial monomer pressure of 0.188 mbar. The deposition time was 25 s.
Poly(ethylene glycol) grafting
PEG monoaldehyde (Shearwater Polymers, Huntsville AL, USA) with a molecular weight of 5000 was grafted onto freshly deposited ALAPP layers by reductive amination. Grafting was performed under 'cloud point' conditions in 20 ml of a 0.1 M sodium phosphate buffer, containing NaCNBH 3 at pH 6.2.
Excimer laser ablation
Ablation experiments were conducted using a 248 nm KrF excimer laser Series 8000 (Exitech Limited, UK) equipped with a Lambda Physik LPX210i laser source. The beam delivery system contained beam shaping and homogenisation optics to create a uniform, square beam at the plane of a mask held on an open frame CNC controlled X-Y stage set. The square beam was passed through a chrome-on-quartz mask pattern. The beam was then passed through a 1:10 demagnification lens, NA of 0.3, a 1.5 mm diameter field with a theoretical resolution of 0.8 µm. PEG grafted ALAPP samples on silicon substrates were ablated at an energy density of 60 mJ/cm 2 and 4 pulses of 20 ns duration per area to form a spatially patterned substrate. 6x6 arrays of ALAPP wells of diameter 150 µm with a centre-to-centre separation of 300 µm were formed.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was conducted on an AXIX His spectrometer (Kratos Analytical Ltd.) equipped with a monochromatised Al K α source. Pressure at analysis was typically 5x10 -8 mbar. Elemental composition of surfaces was determined from survey spectra, collected at a pass energy of 320 eV. High-resolution spectra were obtained at a pass energy of 40 eV. Binding energies were referenced to the aliphatic carbon peak at 285.0 eV. Peak fitting of high-resolution spectra was conducted with Vision 1.5 software, Kratos Analytical Ltd.
FT-IR analysis
ALAPP samples were deposited onto KBr disks. Transmittance FT-IR analysis was conducted on a Nicolet Avatar 130 MLT, Thermo Electron Corporation.
Plasmid propagation
Plasmids pEGFP-N1 (4.7 kb) (Clontech), encoding the green fluorescing protein (GFP) (excitation 488 nm, emission 509 nm), were propagated in the JM109 Escherichia coli (E-coli) strain (Promega). Cells were transfected with plasmid by the heat shock method. Plasmid was isolated using the QIAprep® Miniprep Kit (Qiagen) according to the manufacturer's specifications.
DNA adsorption studies
DNA adsorption studies were conducted in a custom-built flow cell previously described 20 in conjunction with a Leitz Fluorescence microscope. Patterned ALAPP modified PEG grafted samples were clamped into the flow cell and 200 µl of ultra pure water was injected over the sample. After washing, 10 µl of 290 ng/µl 6-FAM labelled 16-mer oligonucleotide (5'-GCCAGAAGCCAGTACT-3') (Geneworks) solution was injected over the sample and adsorption was observed. Ultra pure water was injected for final washing.
TCM formation
All substrates used for transfections and cell growth were sterilised by incubation in ethanol (70%) for 15 min after which they were transferred to sterile water and allowed to dry. A Human Embryonic Kidney cell line (HEK 293) was used. SK-N-SH neuroblastoma and MG-63 osetoblast cell lines were also used under the same conditions for cell attachment experiments onto patterned ALAPP/PEG surfaces. Cells were cultured in Dulbecco's modified eagle media (DMEM) containing penicillin and streptomycin and incubated at 37 o C, 5% CO 2 and 60-70% humidity. Transfections were initially conducted on unmodified ALAPP substrates with the plasmid pEGFP-N1. 0.5 µl of a 240 ng/µl pEGFP-N1 solution was spotted onto the substrate surface. Effectene Transfection Kit (Qiagen) was used to enhance transfection efficiency. To prepare the transfection solution, 4 µl enhancer was added to 37 µl DNA condensation buffer (EC buffer) and incubated at room temperature for 10 mins. 6 µl effectene was then added and after vortexing, 0.5 µl of the complete transfection solution was dispensed over the bound DNA and allowed to air dry. Samples were then washed with PBS, pH = 7.4. Patterned ALAPP/PEG surfaces were arrayed with DNA using a Perkin Elmer Piezoarray. Typically 300 pl of solvent was dispensed per spot. pEGFP-N1 was spotted at a concentration of 0.1 ng/nl. Prepared transfection reagent was diluted 4x and spotted on top of the DNA. Samples were then placed in a custom built cell previously described 20 . HEK 293 cells were seeded at 1.0x10 5 cells/cm 2 to the transfection cell and DMEM media was added to a total volume of 4 ml. After 4 h incubation, 0-1000 mV was applied at each experiment for 0, 0.5, 1, 2 and 5 min with the substrate as the working electrode, an Ag/AgCl/saturated KCl reference electrode and a platinum auxiliary electrode. Cells were incubated for a further 20 h before being characterised microscopically. HEK 293 cells were counterstained using the Hoechst 33342 dye (excitation 355 nm, emission 465 nm) (Molecular Probes). Cells growing over DNA spots were visualised with a Leitz fluorescence microscope and images were captured using a Nikon Digital Sight DS-L1 and a Nikon Digital Sight DS-SM camera head. The total number of cells expressing pEGFP-N1 and the total cell population was calculated and the transfection efficiency was determined by dividing the transfected cells by the total cells. For vitality studies of cells growing on the ALAPP/PEG patterned surfaces, 10 µl of 15 mg/ml fluorescein diacetate (FDA) solution in acetone was added per ml of media after overnight cell attachment, and cells were incubated for 5 min before analysis by fluorescence microscopy Tab. 2. Quantification of high resolution C 1s spectra (in Fig. 2 27, 28 . A characteristic increase in the O:C ratio from 0.11 to 0.29 after the grafting of PEG as compared with ALAPP confirmed the successful grafting of PEG. The presence of nitrogen in the PEG signal is due to either a thin film less than 10 nm or to a film containing defects and regions of no coverage. Atomic force microscopy measurements (data not shown) suggested the formation of a homogeneous film, suggesting the former explanation to be true. The successful grafting of PEG by reductive amination also indirectly confirmed the presence of amine functionality on the ALAPP layer.
High resolution C 1s XPS spectra are shown for ALAPP and PEG films in Fig. 2(a) and (b) respectively. Both C 1s spectra could be fitted with four components. In order of ascending binding energy, the four components correspond to aliphatic carbon at 285.0 eV, C-O and C-N groups at 286.5 eV, amide and carbonyl groups at 288.0 eV, and ester and carboxylic acid groups at 289.0 eV. The quantification of the C 1s high-resolution components is summarised in Tab. 2. Notably, a large increase in the C-O/C-N component of the C 1s peak is observed after PEG grafting due to the large number of ether linkages within the PEG polymer. Again this result verifies the successful grafting of PEG.
Although XPS analysis is able to detect the presence of nitrogen on the ALAPP film, the chemical functionality of that nitrogen cannot be determined. Thus, ALAPP films were further analysed by FT-IR. A typical spectrum for an ALAPP film deposited on a KBr disk is shown in Fig. 3 . The large width of adsorption bands is characteristic of the highly cross-linked plasma polymer 27 . An assignment of peaks is given in Tab. absence of a nitrile signal at 2100 cm -1 suggest that the nitrogen present with the ALAPP is predominantly in an amine form. However, conclusive quantitative results for FT-IR results are difficult due to the uncertainty of absorbance coefficients, thus, although FT-IR does further confirm the presence of amine functionality, it does not conclusively show the extent to which imine and amide functionalities can be found on the ALAPP film. We report here a much lower imine, amide and nitrile signal as has been previously reported [29] [30] [31] . Significant differences between the present procedure and previously used procedures include an alteration in the radio-frequency used to generate the plasma, 200 kHz as compared with 13.56 MHz, and a much lower input power of 20 W as compared with 200 W. This may result in less fragmentation of the monomer and a greater preservation of functional groups as well as the reduced production of reactive species that can result in post-deposition alterations to the film.
Transfection experiments
One of the major limitations of TCMs is their low transfection efficiency, thus, novel methods of improving transfection efficiency without compromising cell vitality or biocompatibility are important and potentially highly useful. We reason that one of the major limiting factors of reverse-transfection, where DNA is bound to a solid substrate instead of being in the liquid phase, is the low availability of DNA. By introducing a trigger that actively drives the DNA away from the surface, the availability of DNA should be increased and an increase in the transfection efficiency should be observed. We sought to achieve this by applying a small negative voltage to the surface after cells had attached, thus, driving the DNA away from the surface by electrostatic repulsion (with the negatively charged phosphate groups on the DNA backbone giving it an overall negative charge). The ability to control the adsorption and desorption of DNA from an ALAPP surface by application of a positive and negative voltage has been previously reported 20 . The magnitude of the voltage was varied from 0-1000 mV and the time the voltage was applied for was varied from 0-5 min. The results are summarised in Fig. 4 . Results are reported relative to the transfection efficiency obtained when no voltage was applied. The maximum transfection efficiency observed was 43% when -750 mV was applied for 1 min.
The change in transfection efficiency after applying various magnitudes of voltage is shown in Fig. 4(a) . After the application of -250 mV, no change in transfection efficiency was measured as compared with no voltage applied (100→96%), however, when higher voltages were applied, an increase in transfection efficiency was observed, with a maximum at -750 mV (167%). We hypothesise that this increased transfection efficiency is due to the release of DNA from the surface and subsequent increased uptake by cells. When -1000 mV was applied the transfection efficiency was observed to decrease again. The minimal change in transfection efficiency after -250 mV could be due to the failure of this voltage magnitude to overcome the interactions the DNA has with the ALAPP surface, thus prohibiting the DNA from being released and being taken up by cells. In comparison, the sudden drop in transfection efficiency when -1000 mV was applied as compared with when -750 mV was applied, could be due to a decrease in the viability of cells after application of the voltage and suggests that the applied voltage may not only affect the DNA but may also affect the cells, potentially compromising the cellular membrane integrity. This suggests that the observed improvement in transfection efficiency may not only be due to the increased availability of DNA but also due to an increase in the permeability of the cellular membrane. Fig. 4(b) shows the change in transfection efficiency when -750 mV was applied from 0-5 min. Interestingly, the transfection efficiency increased for voltage applications from 0-1 min, and after 1 min the efficiency remained unchanged. This suggests that the maximum benefit given by applying a voltage is completed after 1 min. This result is in agreement with previously reported studies investigating the electro-stimulated release of DNA from a surface 32, 33 . No decrease in transfection efficiency was observed when a voltage was applied for 5 min as compared with 1 min, suggesting that this longer length of time does not diminish cell viability.
Spatial control of biomolecules using patterned surfaces
Patterned ALAPP/PEG surfaces were analysed for the ability to control the spatial behaviour of both DNA and cells. To demonstrate spatial control of DNA, a 6-FAM labelled 16-mer oligomer was injected over the patterned ALAPP/PEG surface. The resultant fluorescence image is shown as Fig. 5(a) . An accumulation of DNA on the ALAPP regions was observed as witnessed by a brighter green fluorescence as compared with the PEG regions. Some green fluorescence was observed on the PEG regions; however, this was much reduced as compared with the ALAPP regions. Thus, the preferential adsorption of DNA to ALAPP as compared with PEG was demonstrated and utilised for spatial control. The mechanism for this preferential adsorption presumably involves interactions between the negatively charged phosphate groups on the backbone of DNA and protonated amine groups within the ALAPP. Hydrophobic interactions between ALAPP and the base pairs of DNA may also play an important role.
Living cells were seeded onto the patterned ALAPP/PEG surfaces. Three cell lines, HEK 293, SK-N-SH and MG-63 cell, were used to test the versatility of the surface. Similar arrays of cells were formed for each of the three cell lines. A typical fluorescence microscopy image for an array of cells formed is shown as Fig. 5(b) . In this case a neuroblastoma cell line was used, and staining was carried out with FDA. Seeding resulted in between 0-70 cells attaching within each ablated area. No outgrowth onto the PEG grafted region was observed after 48 hour incubation. Little attachment to PEG regions was observed, and where cells did attach they showed little spreading combined with a round shaped morphology, suggesting little adherence. Cells were successfully stained by FDA, indicating that cells were healthy and actively metabolising when attached to ALAPP. Cells attached to the ALAPP regions also showed a healthy morphology and a high level of spreading. 
Formation of a TCM
The ultimate test for the patterned ALAPP/PEG surface was whether it could be adapted to a TCM and in doing so overcome some of the current limitations of TCM technology. Currently, we have only tested the format for HEK 293 cells, although we believe the technology is applicable to various cells lines.
ALAPP/PEG surfaces were prepared and patterned by laser ablation. Subsequently pEGFP-N1 plasmid with Effectene transfection reagent was spotted onto the ALAPP regions. The surface was then seeded with HEK 293 cells and allowed to incubate for 24 hours. A fluorescence microscopy image of the formed cell array is shown in Fig. 6 . Here the cells were stained with Hoechst dye, which stains the nucleus of all cells present. Cells attaching to different wells are clearly separated from each other. This absence of a lawn of cells could be enormously beneficial for detecting subtle, subcellular phenotypic changes within transfected cells, as there would be no need to differentiate between transfected and non-transfected cells, provided that near 100% of cells within each spot are transfected. Furthermore, as there is a migration barrier there is no way that transfected cells or adsorbed DNA can migrate from one cell cluster to another. This could potentially mean that cell colonies can be positioned much closer together allowing for the creation of highdensity arrays.
The inset of Fig. 6 shows an overlayed image of the fluorescence due to the Hoechst dye and also GFP fluorescence from a single cell cluster. As can be seen from the inset, some cells appear green, whilst others remain only blue, showing that 100% of cells were not transfected. Typically, we achieved a transfection efficiency of 20%. Further improvement to this transfection efficiency is possible by application of a voltage after cell attachment and by optimising the amount of DNA and transfection reagent added. 
CONCLUSION
Formation of a patterned ALAPP/PEG surface by laser ablation was successfully achieved and characterised. This surface was effective at instigating spatial control over both DNA and cell attachment, lending itself to TCM applications where the behaviour of both DNA and cells need to be adequately controlled. By using a conductive substrate material the surface charge could be switched from positive to negative in order to control in time the adsorption and desorption of DNA from a surface. Using this technique an improvement in transfection efficiency of cells grown on top of DNA spots was observed, where the application of -750 mV for 1 min after attachment of cells provided the greatest increase in transfection efficiency. The patterned ALAPP/PEG surface was used for the successful formation of a TCM. Further improvements of the transfection efficiency of these surfaces will enable a highly useful platform for cell array studies, with advanced control of DNA and cells in both space and time. The unique ability of this device to administer spatial and temporal control of biomolecules makes this system not only useful for TCM applications but also for a broader range of biodevices requiring advanced biomolecular manipulation.
